ABSTRACT: With the aim of developing biomarkers of polycyclic aromatic hydrocarbon (PAH) genotoxicity for biomonitoring of the marine environment, the formation of DNA adducts and oxidative DNA damage was studied in the sentinel organism Mytilus. Mussels M. galloprovincialis were exposed for 21 d to different doses of benzo[a]pyrene (B[a]P) (50 and 100 mg B[a]P kg -1 dry wt mussel d -1 ) via trophic intake. The kinetics of B[a]P concentration in whole mussel tissues was determined in both groups, and a dose-response study was conducted for both gill B[a]P-related DNA adducts and 8-oxo-7, 8-dihydro-2'-deoxyguanosine (8-oxodGuo) formation in gill and digestive gland DNA. Exposure was followed by a 10 d depuration period to study mussel recovery. Although B[a]P was absorbed and bioaccumulated to very high concentrations (> 300 mg B[a]P kg -1 dry wt mussel), plateau values were not reached in either assay group. Regardless of the exposure dose of B[a]P, several bulky DNA adducts were induced in the typical PAH diagonal radioactive zone. For both doses, positive correlations were found between total DNA adduct level and both exposure time and B[a]P concentration in whole mussel tissues. DNA repair during depuration differed among the B[a]P-induced DNA adducts. B[a]P exposure had no effect on gill 8-oxodGuo levels, but led to a significant dosedependent increase in the number of oxidative lesions in mussel digestive gland DNA. The decrease with depuration in digestive gland 8-oxodGuo levels to control values was indicative of the mussels' ability to recover from oxidative DNA damage. 
INTRODUCTION
The presence of various pollutants in the different compartments of the marine environment (Neff 1984 , La Rocca et al. 1996 , Penry & Weston 1998 , Regoli 1998 ) may cause pathologies, including cancer, in living organisms (Gardner 1993) . In mollusks, a causeeffect relationship has been clearly demonstrated in field and laboratory studies between exposure to pollutants (polycyclic aromatic hydrocarbons [PAHs] , chlorinated hydrocarbons, polychlorinated biphenyls [PCBs] , heavy metals) and the development of histopathological lesions and tumors (Yevich et al. 1987 , Auffret 1988 , Gardner et al. 1991 , 1992 . More extensive studies in fish have extended the theory of mammalian chemical carcinogenesis (Barrett 1992) to marine organisms. In benthic fish, positive correlation has been found in situ between the development of hepatic neoplasms and PAH concentration in sediment (Landahl et al. 1990 , Myers et al. 1994 . Cancerous lesions have been induced in the laboratory following exposure to some PAHs, including benzo[a]pyrene (B[a]P) (Hendricks et al. 1985 , Fong et al. 1993 , and K-ras oncogenes have been activated in induced neoplasms (Wirgin et al. 1989 , MacMahon et al. 1990 , Fong et al. 1993 .
As PAHs are predominant pollutants in the environment, PAH-induced DNA damage has been extensively studied in vertebrates for the model compound B[a]P (Colapietro et al. 1993 , Chen et al. 1996 , De Vries et al. 1997 . As causes of mutations and potential initiators of the multi-stage cancer process, DNA adducts (Jelinsky et al. 1995 , Shukla et al. 1999 ) and DNA oxidized bases (Kuchino et al. 1987 , Cheng et al. 1992 ), e.g. , have been proposed respectively as biomarkers of genotoxicity (La & Swenberg 1996) and genotoxicity/ oxidative stress in vertebrates (Shigenaga & Ames 1991 , Simic 1994 ).
The present study was conducted in the context of a research program on B[a]P-induced DNA damage involving the formation of bulky DNA adducts and 8-oxodGuo in Mytilus species used as sentinel organisms for biomonitoring of the marine environment (Goldberg 1975 , Viarengo & Canesi 1991 . The purpose of the program was to determine whether these types of DNA damage can be used as biomarkers of PAH genotoxicity in mussels.
Initially, in this program, a B[a]P exposure model was developed for the mussel Mytilus galloprovincialis (Akcha et al. 1999) . As mussel contamination occurs in the field via filter-feeding activity, exposure via trophic supply was selected for our experiments. The suitability of this model for DNA damage analysis was validated by confirming B[a]P bioavailability for the exposed organisms and covalent binding of [ 3 H]-B[a]P to gill and digestive gland DNA (Akcha et al. 1999) .
As demonstrated by the nuclease P1-enhanced 32 Ppostlabeling assay, exposure of mussels to B[a]P resulted in the formation of bulky B[a]P-related DNA adducts in both the digestive gland (Akcha et al. 2000) and gill tissues (Akcha et al. in press) , confirming the ability of mussels to metabolize B[a]P to reactive metabolites (Michel et al. 1995 ).
Using our model of exposure, several enzymatic biomarkers were measured in B[a]P-exposed mussels (Akcha et al. 2000) . Among them, a significant increase and decrease respectively in catalase and DT-diaphorase activities were considered to indicate increased production of reactive oxygen species (ROS), qualifying this model for the study of the effects of B[a]P exposure on 8-oxodGuo formation in the mussel (Akcha et al. in press) .
The present work focused on a dose-response study of both gill B[a]P-related DNA adducts, and gill and digestive gland 8-oxodGuo formation. Mussels were exposed to B[a]P for 21 d, followed by a 10 d depuration period to assess their ability to recover from genotoxic damage. With regard to our previous findings, results presented in this paper were discussed for the possible application of both biomarkers in mussels for the biomonitoring of the marine environment.
MATERIAL AND METHODS
Animal treatment. Specimens of the mussel Mytilus galloprovincialis (7.0 ± 0.5 cm length, 1.1 ± 0.3 g dry wt), purchased at La Teste (Atlantic Ocean, France) from Les Viviers d'Aquitaine, originated from Rya de la Rosa (Gallice, Spain) and were kept in wet docks before being sold. In the laboratory, 3 groups of 122 individuals were formed and kept in glass aquariums filled with 35 ‰ seawater. Water (1 l individual -1 ) was pumped from the Bay of Arcachon and oxygenated by a common air-bubbler system. The water temperature was stabilized at 18°C by an air conditioner. Mussels were fed daily (24 mg equivalent dry wt individual -1 ) with Marine Liquifry (Interpet), a commercial nutritive solution for marine invertebrates. Feed was distributed to each aquarium 8 h d -1 by a peristaltic pump. During the rest of the day, water was filtered through an active charcoal (Actikool) column by an external pump (Rena, 9 l min -1 ). Thus, water was never renewed during the experiment.
After 1 wk of acclimation, mussels were contaminated with B[a]P via their feed supply. Every morning, the feed of 2 experimental groups was freshly contaminated with B[a]P to reach a concentration of 2.08 and 4.16 µg B[a]P mg -1 Marine Liquifry in order to expose mussels to a daily theoretical and individual dose of respectively 50 and 100 mg B[a]P kg -1 dry wt mussel. The third experimental group was used as a control. The lowest B[a]P dose was representative of the highest total PAH content (Michel 1983 ) recorded in Mytilus galloprovincialis (area of Nice-La Reserve, 54.4 mg kg -1 dry wt mussel) from the French Mediterranean coasts (RNO 1995) . Considering the relatively low adduct levels induced in mussels with this dose (Akcha et al. 2000, in press ), a second higher dose (100 mg kg -1 dry wt mussel) was used for experimental purposes. As feed was given as a solution, these doses correspond also to B[a]P water concentrations of 50 and 100 ppb.
The contamination experiment lasted 21 d and was followed by a 10 d depuration period. Samples were collected in each aquarium at Days 3, 10 and 21 of exposure and at Days 5 and 10 of depuration. Day 0 samples were collected at the end of the acclimation period by taking animals from all 3 tanks. On the basis of our previous experiments, an estimated mortality of 10% was assumed for the sampling program. At each sampling point, 12 individuals were collected for gas chromatography/mass spectrometry (GC/MS) analysis of B[a]P concentration in whole mussel tissues. Three pools of 3 individual tissues were also sampled for measurement of both bulky DNA adducts in gills and 8-oxodGuo in gill and digestive gland DNA.
Chemical analysis of whole mussel tissues. B[a]P concentration in whole mussel tissues was determined as previously described in Akcha et al. (2000) . The total organic extract of each freeze-dried sample was obtained by focused microwave-assisted extraction and fractionated by normal-phase high performance liquid chromatography (HPLC) for separate collection of saturated and aromatic compounds. Aromatic fractions were subjected to gas chromatography (HP5890 series II gas chromatograph) and mass spectrometry analysis (HP5972 MSD mass spectrometer) under the selected ion monitoring mode using the molecular ions of the studied PAH (electron impact at 70 eV, 2000 V, 1 scan s -1 ). Quantification of B[a]P in each sample was performed according to perdeuterated B[a]Pd 12 (MSD Isotopes). The response factor was calculated with standard solutions.
8-oxodGuo measurement. DNA extraction: The method applied was derived from that of Helbock et al. (1998) . Typically, 100 to 150 mg of tissue per sample were homogenized in 2 ml buffer A (320 mM sucrose, 5 mM MgCl 2 , 10 mM Tris-HCl, 0.1 mM deferoxamine mesylate [Sigma-Aldrich Chemical], 1% triton X-100, pH 7.5) and centrifuged at 1500 × g for 10 min at 4°C. The supernatant was then discarded and the pellet washed with 2 ml buffer A. Following centrifugation for 10 min at 1500 × g, the pellet was recovered and resuspended in 600 µl 5 mM EDTA-Na 2 , 10 mM TrisHCl, 0.15 mM deferoxamine mesylate (pH 8). After addition of 35 µl 10% SDS, RNA digestion was performed by incubation with 60 µg RNAse A (SigmaAldrich Chemical) and 10 U RNAse T1 (Roche Molecular Biochemicals) for 15 min at 50°C. Protein digestion was carried out by incubation with 600 µg protease (Sigma-Aldrich Chemical) for 1 h at 37°C. The sample was then centrifuged at 5000 × g for 15 min at 4°C, and the supernatant was recovered in a 5 ml sterile tube. Following addition of a 1.2 ml sodium iodide solution (20 mM EDTA-Na 2 , 7.6 M NaI, 40 mM Tris-HCl, 0.3 mM deferoxamine mesylate, pH 8) and 2 ml isopropanol, the tube was centrifuged for 15 min at 5000 × g. The pellet was then recovered and resuspended in 2 ml 40% isopropanol. Following centrifugation, the pellet was washed in 2 ml 70% ethanol and resuspended in 100 µl 0.1 mM deferoxamine mesylate. Samples were stored at -20°C prior to digestion.
HPLC/electrochemical detection assay: The 100 µl DNA solution was entirely digested to deoxyribonucleosides. After addition of 10 U nuclease P1 (1 U µl -1 in 300 mM sodium acetate, 1 mM ZnSO 4 , pH 5.5) (Roche Molecular Biochemicals) and 1 U alkaline phosphatase (Sigma-Aldrich Chemical), samples were incubated for 90 min at 37°C. Proteins were precipitated with 100 µl chloroform. Then the samples were centrifuged at 10 000 × g for 5 min, and the supernatants recovered for injection.
8-oxodGuo determination was carried out by HPLC (System Gold 118, Beckman) coupled to electrochemical detection (Kontron 405). Separation of 8-oxodGuo from 2'-deoxyribonucleosides was performed on an Ultrasphere C18 pre-column (Interchrom, ODS, 45 mm × 4.6 mm, 5 µm) and an Uptisphere column (Interchrom, ODB, 250 mm × 4.6 mm, 5 µm). Elution was performed in isocratic mode using a mobile phase composed of methanol 10%, citric acid 10 mM, sodium acetate 25 mM, sodium hydroxide 30 mM and acetic acid 10 mM. The elution flow rate was set at 1 ml min -1 . The detection sensitivity of the electrochemical detector was 1 nA V -1 for an oxidation potential of 650 mV. 8-oxodGuo quantification was done in accordance with a calibration curve previously obtained with known pmole amounts of authentic 8-oxodGuo (SigmaAldrich Chemical). For standard expression in number of 8-oxodGuo residues per 10 5 dGuo, deoxyguanosine was also quantified by coupling a UV detector (System Gold 166, Beckman) at the output of the HPLC column. The UV apparatus was set at a wavelength of 260 nm. A calibration curve was also obtained for this compound in the nmole range. For the conditions described, the retention times of both 8-oxodGuo and dGuo were around 20 and 15 min respectively.
Measurement of bulky B[a]P-related DNA adducts. DNA extraction: Mussel gill DNA was prepared as described by Genevois et al. (1998) and qualitative and quantitative analysis of DNA samples was performed by UV spectrophotometry (1 OD = 50 µg DNA ml -1 , λ max = 258 to 260 nm) (Genesys5, Bioblock). For each DNA sample, an aliquot of 7 µg DNA was prepared and stored at -80°C prior to use.
32 P post-labeling assay: Each DNA sample (7 µg) was analyzed for its adduct content by applying the 32 P post-labeling technique as described in Genevois et al. (1998) . Multidimensional migration of each sample was conducted on home-made polyethylenimine thin layer chromatography (TLC) plates. Migration of each sample was performed in a solvent system composed of (D1) 2.3 M NaH 2 PO 4, pH 5.7 (16 h migration), after transfer contact (D2) 7.7 M urea, 4.8 M lithium formate, pH 3.5 in the same direction as D1 (pre-migration with Milli-Q water, 3 h migration), (D3) 1 M lithium chloride, 8 M urea, 0.5 M Tris, pH 8 in perpendicular direction to D2 (2 h 30 min migration), and (D4) 1.7 M NaH 2 PO 4 , pH 6, in the same direction as D3 (premigration with MilliQ water, at least 2 h migration).
Autoradiography of the TLC plates allowed qualitative analysis of the bulky B[a]P-related DNA adducts of each sample. Quantification of radioactive spots was performed by an AMBIS Radioanalytical Scanning System (Lablogic), and the results were expressed as the number of adducts per 10 8 normal nucleotides (relative adduct labeling, RAL). Control samples were analyzed at Day 0 and Day 21 to confirm the absence of unrelated B[a]P-DNA adducts.
Statistical analysis. Time-course data for B[a]P concentration in mussels from both assay groups were analyzed by calculating mathematical regression and B[a]P uptake rates.
Data for 8-oxodGuo and DNA adducts were analyzed at each sampling point by 1-way ANOVA (Statistica Inc. Software), taking the exposure dose of B[a]P as a factor. Variance homogeneity had been previously checked by the Hartley test, and a Newman Keuls test was performed each time an effect was found to be significant. To assess the effect of depuration, Student's t-tests were performed when relevant. For both 8-oxodGuo and DNA adduct levels, correlations with B[a]P exposure time and whole mussel tissue B[a]P concentration were determined by calculating a mathematical regression. The mathematical models proposed in this paper were the simplest ones that significantly explained the observed value dispersion. Each calculated mean was characterized by its standard deviation value.
RESULTS

B[a]P bioaccumulation
For both tested doses, a linear increase with exposure time in B[a]P concentration was recorded in whole mussel tissues (Fig. 1) tween Days 3 and 10 of exposure, no similar decrease was measured in half-dosed mussels at the end of the exposure period. Although a lack of standard deviation values for chemical data did not allow the statistical significance of the results to be tested, decrease in B[a]P concentration after the depuration period did not seem obvious in either assay group.
8-oxodGuo measurement
Raw data on 8-oxodGuo measurement in both gill and digestive gland DNA are shown in Fig. 2 .
Gill DNA Regardless of the B[a]P dose and exposure time tested, no effect of B[a]P on 8-oxodGuo level was detected in mussel gill DNA (p > 0.05 at each sampling point).
Digestive gland DNA A significant effect of B[a]P on the 8-oxodGuo level of mussel digestive gland DNA was recorded in both assay groups. B[a]P exposure produced a significant dose-dependent increase in the number of lesions. For mussels exposed to 50 mg B[a]P kg -1 dry wt mussel d -1 , the increase was significant from Day 10 of exposure (p = 0.02 and p < 0.001 at Days 10 and 21 respectively), whereas those exposed to 100 mg B[a]P kg -1 dry wt mussel d -1 showed increased levels only at this date (p = 0.02). Following the depuration period, 8-oxodGuo levels of mussels exposed to the lower B[a]P dose decreased significantly (0.01 < p < 0.001), reaching control values as early as Day 5 of depuration (p > 0.05).
In mussels exposed to 50 mg B[a]P kg -1 dry wt mussel d (Fig. 3 ). For mussels exposed to a double B[a]P dose, the mean 8-oxodGuo level was also correlated both with time (Fig. 3 ), but in a more complex manner. For the higher dose, the relationship between 8-oxodGuo level and mussel B[a]P content showed 3 possibilities: (1) for exposure levels corresponding to a B[a]P mussel content lower than 100 mg kg -1 dry wt mussel, digestive gland 8-oxodGuo level remained unchanged; (2) for higher exposure levels corresponding to a B[a]P mussel content between approximately 100 and 340 mg kg -1 dry wt mussel, the 8-oxodGuo level of mussel digestive gland was significantly increased; (3) above this B[a]P mussel content limit, the 8-oxodGuo level decreased signifi- 
B[a]P-related DNA adducts in mussel gill DNA
Raw data on gill DNA adduct levels are shown in Fig. 4 . Although no adducts were observed in control samples, several distinct spots in the diagonal radioactive zone were recorded on TLC plates from exposed mussels (Fig. 5) . Adducts 1, 2 and 6 were predominant in both groups, appearing as early as Day 3 in mussels exposed to 100 mg B[a]P kg -1 dry wt mussel d -1 . Adducts 1 and 2 were the only ones still present in the latter group at the end of the 10 d depuration period, whereas some additional faint spots remained in mussels exposed to a half-dose.
No differences between the 2 tested doses were found for total or individual adduct levels during the . No significant decreases in the level of total DNA adducts were observed in the group exposed to 50 mg B[a]P kg -1 dry wt mussel d -1 after 5 (t = 0.22, df = 2, p > 0.05) and 10 (t = 0.11, df = 2, p > 0.05) days of depuration. For mussels exposed to a double B[a]P dose, the decrease was not significant at Day 5 of depuration (t = 0.95, df = 2, p > 0.05), but became significant at Day 10 (t = 4.53, df = 2, p < 0.05).
DISCUSSION B[a]P bioaccumulation in mussel tissues
The results in this study confirm our previous findings (Akcha et al. 2000) concerning the absorption and bioaccumulation of feed-incorporated B[a]P to very high concentrations in mussels. As already reported in the literature, mussels can accumulate organic micropollutants such as PAHs via the water column, in sediment or by trophic intake (Narbonne et al. 1992 , Eertman et al. 1995 , Björk & Gilek 1996 . In the present P-related DNA adducts in mussel gills. Linear increase in DNA adduct level with time of exposure in both assay group (0.02 < p < 0.05 and 0.001 < p < 0.01 for mussels exposed to 50 and 100 mg kg -1 dry wt mussel respectively). *Significant decrease in adduct level with depuration (p < 0.05) experiment, B[a]P concentrations in mussels were nearly 10 times as high as the total PAH concentrations reported in these organisms by the French biomonitoring network (Réseau National d'Observation, RNO). In its surveillance of French coastal pollution, the RNO has been measuring the concentrations of several representative pollutants in bivalves since 1979. Hence, mean total PAH concentration in mussels ranged from less than 2 mg kg dry wt mussel (Mont Saint Michel Bay) to 54.4 mg kg dry wt mussel (Cannes-Villefranche area) during the 1979 to 1993 sampling period (RNO 1995) . Although the concentrations recorded in mussels during the present experiment were higher than those ordinarily found in the marine environment due to the aim of the study to induce DNA adducts on a short experimental period, plateau values were not reached in either assay group. The increase in concentration with exposure time fitted a linear mathematical model in both cases, as demonstrated in a field transplantation study for lower PAH concentrations (Mix et al. 1981) .
As the second dose tested in our experiment (100 mg B[a]P kg -1 dry wt mussel d -1
) was twice as high as the first one, the absolute final B[a]P concentration in mussels could have been expected to be twice as high. Yet, despite an uptake rate at least twice as high as that of half dosed mussels, B[a]P uptake decreased from Day 10 of exposure in mussels exposed to a double dose. This decrease accounted for the relatively minor difference in B[a]P concentrations in mussels between the 2 tested doses at the end of the exposure period. Despite the time-related validation of a linear regression model in this group, such a decrease may indicate that mussel ability to bioconcentrate B[a]P approaches saturation. Although our preliminary study showed that the digestive gland had a high concentration of B[a]P because of its primordial role in biotransformation (Akcha et al. 1999) , unmetabolized B[a]P is thought to be mainly bioconcentrated in mussel lipid-rich compartments such as the mantle and gonads. As a decrease in mussel dry wt was previously observed with our model (Akcha et al. 2000) , it is possible that saturation was expressed prematurely because of a decrease in the lipid content available for storage. Another possible explanation is a survival-adaptive response of mussel to B[a]P toxicity through a reduction in the filtration rate or by shell closure. However, it is noteworthy that the B[a]P concentrations recorded in this study were well above the given mussel tissue concentration producing a 50% reduction of the clearance rate (16 mg B[a]P kg -1 dry wt mussel) (Eertman et al. 1995) .
Because of a lack of standard deviation values for our chemical data, the effect of depuration on B[a]P concentration could not be assessed statistically. Nevertheless, B[a]P depuration did not appear to be efficient. These results are not consistent with published data (Dunn & Stich 1976 , Mix et al. 1981 , Björk & Gilek 1996 , Moy & Walday 1996 or with our previous findings showing that exposure of mussels for 13 d to a mixture of [H 3 ]B[a]P/B[a]P (50 mg kg -1 dry wt mussel d -1 ) led with depuration to a decrease of respectively 73 and 32% in digestive gland and gill tissues (Akcha et al. 1999 ). In the latter study, although no decrease in B[a]P concentration was noted in the mantle, B[a]P depuration in whole mussel tissues was however assumed to be efficient taking into account tissue weight distribution. As a matter of fact, B[a]P concentration in whole mussel tissues decreased in another study by 19 and 35% respectively following a 4 d depuration period in mussels exposed to the same dose for 22 and 25 d (Akcha et al. 2000) . In the present study, a decrease in mussel filtration activity may have been responsible for the low depuration observed.
Effect of B[a]P exposure on 8-oxodGuo level
Among the contaminants present in the marine environment, some PAHs, and nitroaromatic and agrochemical compounds (lindane, paraquat) have been identified as prooxidants in vertebrates (Livingstone et al. 1990 ). Thus, increased reactive oxygen species (ROS) . DNA adduct pattern of B[a]P-exposed mussels. (A) Control gill DNA; (B) typical pattern of gill DNA adducts (adducts 1 to 6) observed from Day 10 of exposure in mussels daily exposed to 50 and 100 mg B[a]P kg -1 dry wt mussel production in aquatic organisms may be a mediator of toxicity for some environmental pollutants (Livingstone et al. 1990 , Livingstone 1991 ).
An increase in digestive gland 8-oxodGuo level after B[a]P exposure is concordant with the knowledge of mussel free radical biology. The induction of hydroxyl radical production (OH · ), as ultimate ROS of both Fenton and Haber-Weiss reactions, has been studied in the mussel due to its strong reactivity with cellular macromolecules, particularly DNA. Except for singlet oxygen (O 2 1 ), OH · is the only ROS that can cause DNA damage directly by producing base oxidation (Shigenaga & Ames 1991 , Cadet et al. 1997 . Increased OH · production in mussels has been demonstrated in vitro in digestive gland microsomes with the model quinone, menadione (Livingstone et al. 1989 , Sjölin & Livingstone 1997 , the nitroaromatic compound nitrofurantoin (Garcia , and several PAH quinones including 1, 6-, 3, 6-and 6,12-B[a]P quinones (Garcia , Sjölin & Livingstone 1997 . Although ROS production induced by PAH exposure has never been directly demonstrated in vivo in the mussel, some effects of oxidative stress have been observed in vivo in this organism either in terms of lipid peroxidation (Moore 1988 , Livingstone et al. 1990 or DNA strand break induction (Mitchelmore & Chipman 1998) . In the mussel, the variations induced by PAH exposure in cellular antioxidant defenses are also considered to result from an increase in ROS production (Ribera et al. 1991 , Solé et al. 1994 .
As B[a]P is metabolized in vivo predominantly to quinones in mussels (Michel et al. 1995) , the increase in digestive gland 8-oxodGuo level by B[a]P exposure is mainly explained by higher ROS production through redox cycling of quinones. As a matter of fact, the mussel digestive gland displays a vertebrate-like cytochrome P450 reductase activity (Livingstone et al. 1990 , Michel et al. 1993 ) that may catalyze quinone reduction to semiquinone radicals with subsequent ROS production. As antioxidant defenses are greater in the digestive gland than gills (Livingstone & Pipe 1992) , the absence of B[a]P effect on the gill 8-oxodGuo level observed in our experiment may have been due to lower ROS production in this tissue related to lower phase I activities (Stegeman 1985) . However, this result is in contrast with the reported effect of waterborne B[a]P exposure (0.5 to 1000 ppb B[a]P) on the level of mussel gill 8-oxodGuo (Canova et al. 1998 ). In the latter study, significantly higher 8-oxodGuo levels were observed following 48 h exposure to 5, 50 and 100 ppb B[a]P and 72 h exposure to 5, 50, 100, 1000 ppb B[a]P, with values of the same order as those recorded in our study. However, the dose-response effect was not significant in the study of Canova et al. (1998) due to decreased levels or the absence of any effect at intermediate/higher B[a]P concentrations.
Significant dose-dependent differences were observed in each assay group for the effect of B[a]P on digestive gland 8-oxodGuo level. The level of 8-oxodGuo was increased from Day 10 in mussels exposed to 50 mg B[a]P kg -1 dry wt mussel d -1
, whereas an increase was found at this date only in those exposed to a double B[a]P dose. In the former group, 8-oxodGuo levels followed a linear mathematical model with exposure time and B[a]P concentration, showing an increase in the extent of oxidative DNA damage and hence in the production of ROS. However, increase was only significant in this group for B[a]P mussel contents higher than 100 mg kg -1 dry wt mussel, which may represent an exposure level limit for the mussel in terms of its antioxidant and DNA repair abilities.
In animals exposed to a double dose of B[a]P, 8-oxodGuo levels were significantly higher at Day 10, but not at Day 21. At these times, B[a]P mussel content was respectively 240 and 428 mg kg -1 dry wt mussel. As induction of antioxidant activities apparently occurs as early as the first days of exposure (Akcha et al. 2000) , a decrease in digestive gland 8-oxodGuo levels down to control values may be due to an induction of DNA repair mechanisms. As no decrease was observed in halfdosed mussels at Day 21 with a B[a]P mussel content of 340 mg kg -1 dry wt mussel, such an induction may coincide with an exposure level corresponding to a concentration in mussel greater than 340 mg B[a]P kg -1 dry wt. This seems to be in accordance with the results obtained in mussel digestive gland DNA by Canova et al. (1998) , which showed a dose-response increase in digestive gland 8-oxodGuo levels after 72 h exposure to concentrations ranging from 0 to 100 ppb B[a]P and decreased levels for higher concentrations (500, 1000 ppb) all leading to estimated B[a]P mussel contents greater than 387 mg kg -1 dry wt mussel. In the present study, the decrease in 8-oxodGuo levels during depuration in mussels exposed to 50 mg B[a]P kg -1 dry wt mussel d -1 also suggested the existence of DNA repair mechanisms. Repair of DNA base oxidation, studied principally in Escherichia coli and Saccharomyces cerevisiae (Girard & Boiteux 1997 , Laval et al. 1998 , Wang et al. 1998 , mainly involves a base excision repair (BER) mechanism (Frosina et al. 1996) . Although a similar mechanism has been identified in vertebrates (Demple & Harrison 1994) , nothing is known about base oxidation repair in marine invertebrates.
Bulky B[a]P-related DNA adducts
As previously demonstrated with our model, exposure of mussels to B[a]P led to induction of B[a]P-related adducts in gill DNA (Akcha et al. 1999) . Although the present study confirmed the significant linear relationship between total DNA adduct level and both exposure time and whole mussel tissue B[a]P concentration, there were some differences concerning adduct levels and their pattern. In our previous experiment, 2 different adducts were induced in mussel gills after 28 d exposure to 50 mg B[a]P kg -1 dry wt mussel d -1 (Akcha et al. in press) . Whereas the first adduct appeared as early as Day 3, the second, more diffuse, one appeared later, from Day 24 of exposure. The maximal total DNA adduct level recorded at the end of the 28 d exposure period was 0.480 ± 0.139 RAL/10 8 dNps. In the present study, the number of adducts measured in gill DNA of mussels exposed to the same B[a]P dose was much greater, despite the fact that adduct induction was recorded only from Day 10 of exposure. Moreover, the adduct levels recorded were up to 10 times as high as those in our previous experiment, possibly because of the use of a different version of the 32 P post-labeling assay. In the present study, the use of a different DNA extraction protocol and of higher amounts of enzymes during the different steps of the post-labeling assay (digestion, enhancement, labeling) could have accounted for the better recovery of adducts quantitatively and qualitatively. The use of a different system of solvents for multidimensional chromatographic migration of samples certainly affected the migration of adducts, which may have been isolated in our previous experiment. Thus, adduct 1 and 2 in the present experiment could correspond to the 2 adducts previously described by us in mussels. Such difficulties in inter-study comparisons should be reduced by the intercalibration programs developed in recent years, e.g. the Biological Effects Quality Assurance in Monitoring Programs (BEQUALM).
The present study found no quantitative differences in total and individual adduct levels between the 2 tested doses of B[a]P, possibly because of high standard deviation values of means obtained. The difference was not significant even at Day 3, when 3 out of the 6 adducts measured were only recorded in higherdosed mussels. Analysis of pooled rather than individual samples was not sufficient to prevent interindividual variability. In fact, inter-individual differences in filtration and metabolic activities may lead to high variability in absorption and B[a]P activation to DNA adducts. The high standard deviation values may also have been related to the method used for adduct quantification, justifying the reason why 32 P postlabeling assay is still considered as a semi-quantitative method.
The appearance of adducts respectively from Days 3 and 10 in mussels exposed to 100 and 50 mg kg -1 dry wt indicates that adduct formation was induced in mussels from a B , Day 10 of depuration), it may be assumed that DNA adduct repair activities exist in mussels. This is consistent with the decrease observed during depuration in the [ 3 H]B[a]P binding value of mussel gill DNA (Akcha et al. 1999) , and the work of Harvey & Parry (1998) , who reported the removal of 4-nitroquinoline 1-oxide DNA adducts in mussel digestive gland, gills and mantle during depuration. It is noteworthy in the present study that adduct removal appeared to be efficient during depuration, despite the observation that recovery from DNA damage did not occur to the same extent for the different B[a]P-induced DNA adducts. Although depuration allowed the elimination of some adducts, a few were still present in both groups at the end of the 10 d depuration period. A similar difference in the repair process has been reported in vertebrates for the major B[a]P bulky DNA adduct, BPDE-10-N 2 dG, with preferential repair involving the trans isoform (Celotti et al. 1993 , Jernström & Gräslund 1994 . Although bulky DNA adducts in vertebrates have been demonstrated to be repaired by both the nucleotide/base excision and the DNA mismatch repair systems, the mechanisms involved in mussels have not yet been elucidated.
The differences in the adduct repair process noted in the present study have important implications for biomonitoring of the marine environment. The use of DNA adducts as biomarkers of past exposure to genotoxic compounds depends on their persistence and thus on their repair ability in mussels, which is thought to be highly dependent on their chemical structure.
The results reported here, like those in our previous experiment, indicate that B[a]P absorbed by mussels is biotransformed into electrophilic metabolites that bind covalently to DNA. As adduct standards were not used in this post-labeling experiment, the B[a]P activation pathways could not be identified. The existence of an epoxide hydrolase activity and the identification of B[a]P-dihydrodiols as relevant in vivo B[a]P metabolites in mussels justify the suspicion of a vertebrate-like diol-epoxide pathway (Sims et al. 1974 , Grover 1986 ). This assumption is supported by the identification, in vitro and in vivo, in mussels of an adduct presenting high chromatographic similarities with BPDE-10-N 2 dG by the butanol-enhanced 32 P post-labeling assay (Harvey & Parry 1997) . However, recent results of Ross et al. (1999) demonstrated that B[a]P-related DNA adducts in mussels result from covalent binding of 4, 5-B[a]P oxide to guanine and adenine.
Conclusion
An increase in digestive gland 8-oxodGuo and induction of gill DNA adduct levels were recorded for B[a]P exposure levels corresponding respectively to an internal mussel content of around 100 and 50 mg kg -1 dry wt mussel. As B[a]P is one of the most genotoxic PAHs, these limits will be higher when converted into the commonly measured total PAH concentration. Taking into account the environmentally reported PAH concentration in mussels (Claisse 1989 , AmodioCocchieri et al. 1993 , RNO 1995 , this raises the question of whether such damage could possibly be observed in the field. Despite the DNA adduct formation reported in PAH-environmentally exposed mussels (Solé et al. 1996 , Venier et al. 1996 , a lack of adduct identification has never led to the incrimination of this class of pollutants. Thus, the feasibility of using DNA adducts as biomarkers of PAH genotoxicity in mussels will require further study.
With our model, the exposure of mussels to a lower dose of a common PAH mixture might allow a better evaluation of the potential use of both DNA adducts and 8-oxodGuo for mussel-based biomonitoring of the marine environment. As a fraction of feed-incorporated B[a]P may desorb to the water-column, it would also seem important to study the possible effect of this process.
